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Abstract
PAWP (postacrosomal sheath WW domain-binding protein) exclusively resides in the postacrosomal sheath (PAS) of the sperm perinuclear
theca (PT). Because of the importance of this region in initiating oocyte activation during mammalian fertilization [Sutovsky, P., Manandhar, G.,
Wu, A., Oko, R., 2003. Interactions of sperm perinuclear theca with the oocyte: implications for oocyte activation, anti-polyspermy defense, and
assisted reproduction. Microsc. Res. Tech. 61, 362–378; Wu, A., Sutovsky, P., Manandhar, G., Xu, W., Katayama, M., Day, B.N., Park, K.W., Yi,
Y.J., Xi, Y.W., Prather, R.S., Oko, R., 2007. PAWP, A sperm specific ww-domain binding protein, promotes meiotic resumption and pronuclear
development during fertilization. J. Biol. Chem. 282, 12164–12175], we were interested in resolving the origin and assembly of its proteins during
spermatogenesis, utilizing PAWP as a model. Based on previous PT developmental studies, we predicted that the assembly of PAWP is dependent
on microtubule-manchette protein transport and manchette descent and independent of subacrosomal PT formation. Consequently, we
hypothesized that PAWP will colocalize with manchette microtubules during spermiogenesis. Utilizing specific antibodies, PAWP was first
detected in the cytoplasmic lobe of spermatids beginning to undergo elongation and became most prominent in this region just prior to and during
manchette descent. During this peak period, PAWP was concentrated over the manchette and colocalized with alpha- and beta-tubulin. It was then
assembled as part of the PAS in the wake of manchette descent over the caudal half of the elongated spermatid nucleus. PAWP mRNA, on the
other hand, was first detected in mid-pachytene spermatocytes, peaked by early round spermatids, and declined during spermatid elongation. In
order to confirm that PAWP-PAS assembly was independent of subacrosomal PT development, PAWP immunolocalization was performed on the
testes of NB-DNJ-treated mice which fail to form an acrosome and subacrosomal layer during spermiogenesis [van der Spoel, A.C., Jeyakumar,
M., Butters, T.D., Charlton, H.M., Moore, H.D., Dwek, R.A., Platt, F.M., 2002. Reversible infertility in male mice after oral administration of
alkylated imino sugars: a nonhormonal approach to male contraception. Proc. Natl. Acad. Sci. U.S.A. 99, 17173–17178] but whose elongated
spermatids still retain egg-activating ability [Suganuma, R., Walden, C.M., Butters, T.D., Platt, F.M., Dwek, R.A., Yanagimachi, R., and van der
Spoel, A.C., 2005. Alkylated imino sugars, reversible male infertility-inducing agents, do not affect the genetic integrity of male mouse germ cells
during short-term treatment despite induction of sperm deformities. Biol. Reprod. 72, 805–813]. The same temporal and manchette-based pattern
of PAWP-PAS assembly during spermiogenesis was evident as in controls supporting our hypothesis that PAS assembly is independent of
subacrosomal PT formation and that egg-activating ability resides within the PAS.
© 2007 Elsevier Inc. All rights reserved.Keywords: PAWP protein; Perinuclear theca; Postacrosomal sheath; Sperm; Spermiogenesis; Microtubular manchette; Postacrosomal sheath assembly; NB-DNJ
treatment; Acrosomeless sperm⁎ Corresponding author. Fax: +1 613 533 2566.
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Most of the cytoplasm of the mammalian sperm head is
condensed to form a non-ionic detergent-resistant structure, the
472 A.T.H. Wu et al. / Developmental Biology 312 (2007) 471–483perinuclear theca (PT), which compositionally can be sub-
divided into two major regions, the subacrosomal layer (SL) and
the postacrosomal sheath (PAS) (Oko and Morales, 1994; Oko,
1995; Oko et al., 2001). Although traditionally considered a
cytoskeletal element, several lines of evidence suggest that the
PT harbors proteins essential for spermiogenesis and fertili-
zation (Sutovsky et al., 2003). To further understand PT's role
in these cellular events, it is essential to identify its protein
constituents and study their biogenesis. Differential PT ex-
traction procedures have enabled us to identify and characterize
SubH2Bv (Aul and Oko, 2002), four somatic core histones
(Tovich and Oko, 2003; Tovich et al., 2004), and PAWP (Wu
et al., 2007) whose roles appear to be more than purely
cytoskeletal.
Tracing the developmental distribution of SubH2Bv and
other sperm SL-PT proteins by immunolabeling through
spermiogenesis (Oko and Maravei, 1994; Oko, 1998; Aul and
Oko, 2002) has led to the conclusion that SL-PT formation is
tightly coupled to acrosome formation. During the Golgi phase
of spermiogenesis, SL-PT proteins are found peripherally
associated with the proacrosomic granules and then, after
their fusion, with the acrosomic vesicle (AV) both before and
after PT-anchorage onto the nucleus. Once the acrosomic
vesicle (AV) anchors, the peripheral proteins intervene between
the acrosomal membrane and nuclear envelope (NE) and can
already be considered as SL constituents. The SL proteins
remain peripherally associated with the expanding acrosomic
vesicle during nuclear capping but at the end of the cap phase
lose their association with the outer acrosomal membrane
(except in the region that will become the equatorial segment)
but remain in the SL in association with the inner acrosomal
membrane (IAM) and NE. Thus, there appears to be a co-
dependence of acrosome-nuclear docking/capping and sub-
acrosomal-PT protein assembly.
The formation of the PAS occurs after the acrosome is fully
formed, toward the end of spermatid nuclear elongation and
condensation, and in the wake of microtubular manchette
descent along the caudal half of the spermatid nucleus (Barth
and Oko, 1989; Oko and Maravei, 1994). At this step of
spermiogenesis, the bulk of the spermatid's cytoplasm is distal
to the sperm head (i.e., the cytoplasmic lobe). However, a
cytoplasmic channel surrounding the nucleus and filled with the
manchette microtubules connects the sperm head below the
acrosome to the cytoplasmic lobe. Although the manchette may
be involved in nuclear shaping during this phase of spermio-
genesis (Clermont et al., 1993; Meistrich et al., 1990; Russell
et al., 1991), we have recently provided evidence that it may
also be involved with the storage and transport of somatic core
histones destined to assemble as part of the PAS (Tovich et al.,
2004). Protein transport along the manchette, termed intra-
manchette transport (Kierszenbaum, 2002), is also supported by
the identification of molecular motor proteins such as kinesins
and dyneins in the manchette (Hall et al., 1992; Miller et al.,
1999; Kierszenbaum, 2001). Based on the above observations,
we hypothesized that PAWP's assembly within the PAS during
spermiogenesis is dependent upon its transport along the
manchette and consequently is independent of acrosomal/subacrosomal formation. To confirm this hypothesis, our
approach was to systematically follow the expression of
PAWP through the multiple steps of bull and mouse
spermiogenesis, respectively, utilizing both light and electron
microscopic immunocytochemical techniques, including colo-
calizations with both α- and β-tubulin (major components of
the microtubules of the manchette). In addition, we immuno-
localized PAWP during spermiogenesis in C57BL/6 mice
rendered acrosome-less by treatment with an alkylated imino
sugar, NB-DNJ (van der Spoel et al., 2002), to show the
independence of PAS assembly on acrosome/subacrosomal
layer formation.
Materials and methods
Northern blotting and chemiluminescence
Total RNA from rat testicular tissue at various developmental stages was
extracted using RNeasy kit (QIAGEN, Mississauga, ON, Canada) and separated
by 1.2% agarose-formaldehyde electrophoresis. The isolated total RNA samples
were then transferred onto a nylon membrane and cross-linked by ultraviolet
light. DIG-labeled sense and antisense riboprobes were synthesized and used for
Northern blot hybridization according to the DIG System User's Guide for Filter
Hybridization (Roche Biomolecular, Germany).
Affinity purification of anti-sera
Three batches of affinity-purified anti-sera against PAWP were prepared for
different immunocytochemical analyses. Two polyclonal rabbit anti-sera were
raised against the synthetic sequence comprising the N(TSYRVVFVTS-
HLVNDPMLSFMMPF)- and C(NEALPPAYEAPSAGNT)-terminal regions of
PAWP, designated as anti-PAWP_N and anti-PAWP_C, respectively (Wu et al.,
2007). A third anti-serum, termed anti-recPAWP anti-serum, was raised against
the full-length recombinant PAWP protein. All three anti-sera were affinity-
purified against the recombinant PAWP protein by utilizing a protocol previously
described (Oko and Maravei, 1994). Two anti-tubulin anti-sera were used in this
study. For immunofluorescence detection, anti-β-tubulin monoclonal antibody
(E7, 1:200) was obtained from the Developmental Studies Hybridoma Bank
developed under the support of NICHD and maintained by the Department of
Biological Sciences at the University of Iowa (Iowa City, IA). For immunogold
detection, an affinity-purified polyclonal anti-α-tubulin antibody (anti-Glu,
1:100), specifically reactive to detyrosinated α-tubulin, was used (Hermo et al.,
1991). Generally, the affinity-purified anti-sera used in this study were 10 times
more concentrated for immunogold labeling on ultrathin tissue sections than for
immunoperoxidase staining on paraffin embedded tissue sections. For immuno-
fluorescence, the affinity-purified sera were diluted at least 100-fold.
Western blot analysis
Mouse testicular tissues were solubilized in 2% SDS and 5% mercapto-
ethanol, then run on 4.5% stacking and 10 or 12% polyacrylamide gels as
described by Laemmli (Laemmli, 1970). Equal amounts (7 μg) of both
untreated and treated testicular samples were loaded. For western blotting,
proteins from gels were transferred to nitrocellulose membrane (0.45 μm pore
size, Schleicher and Schuell, Dassel, Germany) using a Hoefer Transphor
apparatus (Hoefer Scientific Instruments, San Francisco, CA). Immunodectec-
tion reaction was visualized by SuperSignal® West Pico Chemiluminescent
substrate (Biolynx Inc., Brockville, ON). Primary antibodies used were affinity
purified anti-recPAWP (1:50) and anti-α-tubulin (1:5000) antibodies.
Cell and tissue preparation for immunochemical procedures
Fresh testes from mature bulls were collected from local abattoir and
immediately perfused through the testicular artery with Bouin's fixative for light
microscopy (LM) and 0.8% glutaraldehyde and 4% paraformaldehyde for
Fig. 1. Northern blot analysis of PAWP transcript. (A) 10 μg samples of total
RNA from testis of rats, 14 to 49 days of age, hybridized with PAWP anti-sense
riboprobe. Lane B is the total RNA sample from adult bull testis, used for
comparison. (B) For timing comparison, the same blot was stripped and re-
hybridized with an anti-sense riboprobe made from a cDNA encoding a 14 kDa
fibrous sheath protein, FS14 (Fitzgerald et al., 2006). (C) The 28 ribosomal
RNA serves as a loading control. (D) A schematic diagram of rat sperma-
togenesis highlighting the peak of PAWP transcription (bold black line). PAWP
mRNA appears to be transcribed in mid (MP) to late (LP) pachytene
spermatocytes in contrast to FS14 mRNA, which is transcribed during the
round spermatid phase. The decline of the PAWP transcript on day 38
corresponds to the end of round spermatid development and the beginning of
spermatid elongation when PAWP protein is first expressed. Rat (Supplementary
Fig. 2) and mouse protein expression (Fig. 2) follow a similar origin and pattern
during spermiogenesis suggesting that their mRNA pattern of expression would
also be similar. Spermatogonia, G; early pachytene spermatocytes, EP; numbers
indicate the steps of spermiogenesis.
473A.T.H. Wu et al. / Developmental Biology 312 (2007) 471–483electron microscopy (EM). For LM, testicular tissue was embedded in paraffin,
while for EM, tissue was embedded in LR white (Polysciences Inc., Warrington,
PA) (Oko and Maravei, 1995).
Male C57BL/6 mice were fed either mouse chow (Expanded Rat and Mouse
Chow 1, ground; Special Diet Services, Witham, Essex, UK) mixed with
alkylated imino sugar, NB-DNJ (15 mg/kg/day, for 5–7 weeks), or without NB-
DNJ (as control) according to the minimal feeding regime established previously
by van der Spoel (van der Spoel et al., 2002). NB-DNJ was a gift from Oxford
GlycoSciences, Abingdon, Oxfordshire, UK/CellTech UK, Slough, Berkshire,
UK. These mice were then perfused with the same fixatives above via the left
ventricle, and the testes were processed identically to the bull tissue above.
Testicular smears and mature spermatozoa from bovine testis and cauda
epididymis were obtained and processed for indirect immunofluorescence
microscopy according to protocols previously published (Sutovsky et al., 1999;
Tovich et al., 2004). Briefly, testicular cells or epididymal sperm suspensions
were isolated from the seminiferous tubules or cauda epididymis, respectively,
in 200 mM phosphate-buffered saline (PBS) and allowed to settle onto poly-L-
lysine-coated coverslips pre-soaked with PBS at 37 °C. Settled samples on the
coverslips then were fixed in 2% formaldehyde/PBS for 40 min at room
temperature and stored in PBS at 4 °C.
Immunoperoxidase staining for light microscopy
The paraffin-embedded tissues were processed for immunoperoxidase
staining procedure according to (Oko and Maravei, 1995). For mouse testicular
sections, an antigen-retrieval technique described previously by Shi (Shi et al.,
2002) was performed prior to primary antibody incubation. Briefly, de-
parafinized testicular sections were immersed in 0.01 M sodium citrate solution
pH 6.0 (total volume 50 ml) followed by two successive microwave incubations:
2 min at full power and 15 min at 10% power level, respectively, in a con-
ventional 1100-W microwave oven (Danby Products Ltd., Guelph, ON,
Canada). The slides were allowed to cool down to room temperature and
equilibrated in 300 mM glycine solution. Immunostaining procedure was carried
out with an avidin-biotin complex (ABC) kit (Vector Labs, Burlingame, CA). To
avoid non-specific binding, slides were first blocked with avidin- and biotin-
containing blocking serum followed by 10% normal goat serum (NGS). The
primary antibody treatment was carried out overnight at 4 °C, washed 3× in
25 mM Tris-buffered saline (TBS) with 0.1% Tween followed by incubation
with biotinylated goat anti-rabbit IgG secondary antibodies (1:200; Vector Labs)
and ABC according to the instructions provided from the vendor. Peroxidase
reactions were obtained by incubating the samples in 0.05% diaminobenzidine
(DAB) and counterstained with 0.1% methylene blue. Control sections were
treated in the same fashion with pre-immune rabbit serum as the primary
antibody.
Immunogold labeling for transmission electron microscopy
The immunogold labeling procedure was performed according to Tovich
et al. (2004). Briefly, ultrathin sections were mounted on formvar-coated nickel
grids and blocked with 10% NGS prior to overnight incubation of the primary
antibodies at 4 °C. The sections were then washed and incubated with goat anti-
rabbit secondary antibody conjugated to 10 nm gold particles (1:20; Sigma,
Mississauga, ON, Canada) followed by counterstaining procedure with uranyl
acetate and lead citrate. The final sections were examined under a transmission
electron microscope (Hitachi 7000).
Immunofluorescence microscopy
Bovine testicular cells and mature spermatozoa from cauda epididymis were
processed and mounted on coverslips according to the methods published by
(Sutovsky, 2004). Samples were permeabilized in PBST (0.1 M phosphate-
buffered saline with 0.1% Triton X-100) for 40 min at room temperature
followed by a 25 min block in PBST with 10% normal goat serum (NGS). The
primary antibody mixture (anti-recPAWP, 1:50 and anti-β-tubulin, 1:200 in
PBST with 1% NGS) was incubated overnight at 4 °C and washed 3× in the
labeling buffer. The second antibody mixture used to develop fluorescent
reaction was either fluorescein isothiocyanate (FITC)-conjugated goat-anti-
mouse IgG and tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat-anti-rabbit IgG or FITC-conjugated goat anti-rabbit IgG and TRITC-conjugated
goat-anti-mouse IgG (1:80 in PBST with 1%NGS; Zymed Labs Inc., San
Francisco, CA). The second antibody mixture also included blue-fluoresecne
DNA-stain DAPI (4′ 6-diamidino-2-phenylidone, 5 μg/ml; Molecular Probes
Inc., Eugene, OR) and was applied at room temperature for 40 min, followed by
brief wash in PBST and mounting on microscope slides in an antifade-mounting
medium (VecaShield; Vector Labs).
Results
Developmental profile of PAWP transcripts
Due to the difficulty in obtaining differently aged human or
bovine testes from birth to puberty, the expression profile of
PAWP transcript(s) was examined using total RNA obtained
from rats at 14 to 49 days post-partum (Fig. 1A), and compared
to the expression profile of adult bull testis. As compared to the
1.6 kb transcript in the adult bull testis (lane B, Fig. 1A), two
distinct transcripts of 2.4- and 4.0-kb were seen in the rat testis.
A faint signal over both these mRNAs was first seen on day 18,
corresponding to a time in testicular development when pachy-
tene spermatocytes appear. The signals then gradually intensi-
Fig. 2. Light micrographs of mouse seminiferous tubules, immunoperoxidase
stained with anti-recPAWP antibody, demonstrating PAWP's localization during
spermiogenesis and its association with the caudal manchette. The 12 stages of
the mouse cycle of the seminiferous epithelium are depicted by Roman numerals
in this and subsequent figures. (A) In stage XI (step 11 of spermiogenesis), the
cytoplasm of elongating spermatids is intensely immunoreactive with evident
focal concentrations of PAWP. The immunoreactivity remains intense in the
cytoplasm of step 14 spermatids in stage II and then diminishes in the last two
steps of spermiogenesis. In comparison, the cytoplasm of round spermatids in
steps 5 and 7 (stages V and VII) is barely reactive. Scale bar=20 μm. (B) A
detail of panel A, demonstrating the foci of PAWP labeling on the microtubular
manchette (arrows). The inset depicts the manchette in the same stage of
development (arrows) labeled with anti-α-tubulin antibody. Note that the
labeling of the manchette is almost identical as found with anti-recPAWP. Scale
bar=10 μm. Pre-immune serum control showing no reactivity is presented in
Supplementary Fig. 1. The serum was diluted 1/100 for immunoprobing.
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round spermatid development. On day 38, corresponding to the
time of early elongating spermatids, the signal intensity of the
transcripts diminished and remained constant into adulthood
(day 49). This drop in PAWP mRNA signal at day 38 of
postpartum development was corroborated by re-probing the
same blot with anti-sense RNA to a fibrous sheath cDNAwhose
transcript signal increases rather than decreases in intensity
from days 32 to 43 postpartum (Fig. 1B).
Light microscopic analysis of PAWP expression
Mouse PAWP immunoreactivity was faintly detected in the
cytoplasm of step 7 round spermatids (stage VII, Fig. 2A).
Immunostaining intensity then progressively increased until
step 11 (stage XI), reached plateau in steps 12 to 14 (stages XII–
III), and diminished from steps 15 to 16 (stages IV to VIII) (Fig.
2A). During steps 10 to 12, PAWP immunostaining was most
concentrated over a cylindrical structure in the cytoplasmic lobe
(Fig. 2B), which on adjacent anti-α-tubulin-labeled sections
proved to be the microtubular manchette (see inset in Fig. 2B).
After manchette descent in step 13 (stage I), immunostaining
was most intense over the caudal half of the head of step 14
spermatids (stage II, Fig. 3A) and persisted in this region after
the disappearance of the manchette and during spermiation
(stage VII, Fig. 3B).
Similar immunoperoxidase staining pattern of PAWP was
observed in rat testicular paraffin sections (Supplementary Fig.
2), bull testicular paraffin sections (Fig. 4A), and human
testicular sections (not shown). In the bull immunoreactivity
was restricted to the elongating/elongated spermatid population
(found in the outermost layer of the seminiferous epithelium)
but was not evident in late round spermatids as it was in mice.
PAWP reactivity first became noticeable in the cytoplasmic lobe
of step 9–10 spermatids and increased in intensity until step 11–
12 spermatids (stages XI–XII). Thereafter the cytoplasmic
immunostaining diminished but remained prominent on the
elongated spermatid head (not shown). In step 10 (stage X),
PAWP staining appeared most pronounced over the proximal
part of the manchette associated with the sperm head (Fig. 4B).
During manchette descent at step 11 (stage XI), PAWP labeling
persisted over the spermatid-nuclear region (Fig. 4C) and
remained concentrated in this region after the disappearance of
the manchette and at spermiation (as shown during mouse and
rat spermiogenesis in Fig. 3 and Supplementary Fig. 2,
respectively).
Immunofluorescence detection of PAWP protein
PAWP colocalized with tubulin on the microtubular
manchette of steps 9 to 12 mouse and bull spermatids (Figs.
5A, B, D, and E). In step 11 bull spermatids, PAWP was
deposited as a band in the PAS region of the spermatid head in
the wake of manchette descent down the caudal half of the
spermatid nucleus (Fig. 5E). Just after manchette descent in
step 12 elongating bull spermatids, PAWP was prominently
localized in the newly laid down PAS (Fig. 5F). ResidualPAWP could still be observed in the distal cytoplasm during
and after the manchette's disassembly.
Ultra-structural localization of PAWP
Immunogold labeling of mouse testis confirmed the
association of PAWP with the manchette during steps 10 to
12 and also corroborated the LM observations suggesting that
this protein was synthesized and plentiful in the cytoplasmic
lobe of the spermatids (Figs. 6A and B). The PAS assembled
and became immunolabeled with anti-recPAWP as the man-
chette descended in step 13 of mouse spermiogenesis (Fig. 6C).
Fig. 4. Light micrographs of sections through bovine seminiferous tubules
immunoperoxidase-stained with an anti-PAWP_C antibody. The 12 stages of the
cycle of the bovine seminiferous epithelium are depicted by Roman numerals.
(A) During stages IX and X, faint immunostaining is detected in the cytoplasmic
lobes of elongating spermatids (steps 9 and 10). Similar to mouse, PAWP
immunostaining peaks in stages XI to II (steps 11 to 14 spermatids). By stage
VII, after spermiation, no PAWP labeling is detected. Scale bar=20 μm. (B) A
magnified section of stage X showing PAWP localization on the manchette (M)
before its descent. (C) A magnified section of stage XI showing PAWP locali-
zation to the manchette and spermatid head (white arrow) during manchette
descent. Pachytene spermatocytes, (P). Scale bars=10 μm.
Fig. 3. Light micrographs of mouse seminiferous tubules, immunoperoxidase-
stained with anti-recPAWP antibody, demonstrating PAWP's localization after
manchette descent. (A) PAWP (white arrows) is concentrated in the caudal
part of the elongated spermatid head in step 14 (stage II). The manchette had
descended down the spermatid head in step 13 (stage I) so the focal immuno-
peroxidase concentrations seen in step 14 are most likely at the level of the
postacrosomal sheath. (B) The focal concentrations of PAWP (arrows) are still
present in step 16 spermatid heads at spermiation, long after the manchette has
dissolved. Note that the round step 7 spermatids (R) are un-reactive to anti-
recPAWP antibody. Scale bars=10 μm.
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tubules of the manchette after its descent.
In bovine testes, PAWP was also deposited along the forming
PAS in the wake of the descending microtubular manchette in
step 11 of spermiogenesis (stage XI, Fig. 7A), earlier than in the
mouse. After manchette descent, PAWP labeling was not only
found throughout the newly assembled PAS but also in the
distal region of the subacrosomal layer adjacent to the forming
equatorial segment (Fig. 7B). However, by step 14, coincident
with equatorial segment thinning, PAWP was no longer
detectable in the SL (Fig. 7C). This moonlighting of PAWP in
the distal SL-PT appears characteristic of PAS proteins as
Tovich et al. (2004) showed the same phenomenon for the PAS-
histones.PAWP and tubulin expression in acrosomeless mouse testes
PAWP immunoperoxidase-staining pattern was similar in
both untreated (Fig. 8A) and NB-DNJ-treated (Fig. 8B) mouse
testes. Immunoblotting confirmed that PAWP protein expres-
sion was not impaired in NB-DNJ-treated testes (Fig. 8C, lane
2) when compared to untreated testes (Fig. 8C, lane 1). The
immunostaining pattern of α-tubulin in both untreated (Fig. 8D)
and treated (Fig. 8E) mice was similar. In both groups, the
immunostained manchette surrounded the caudal half of the
elongating spermatid head in its characteristic V-shaped pattern.
The expression of α-tubulin in testicular samples from both
groups was also comparable by western blot analysis (Fig. 8F,
lanes 1 and 2). Unaffected in both groups, diffuse PAWP
immunoperoxidase staining was observed in the cytoplasm with
focal concentrations on the manchette of elongating spermatids
(Fig. 8G). In step 16 spermatids, just prior to spermiation, foci
of PAWP remained on the spermatid head (Fig. 8H).
Fig. 5. Indirect immunofluorescence analysis of isolated spermatids using anti-PAWP (anti-recPAWP or anti-PAWP_C) and anti-tubulin antibodies to demonstrate the
association of PAWP with the manchette and the formation of the PAS in the wake of manchette descent. (A) Colocalization of PAWP (green) and tubulin (red) to the
manchette in a step 10 mouse spermatid. (B) A step 12 spermatid showing the same colocalization, as in panel A. (C) A step 12 spermatid immunolabeled with pre-
immune serum to anti-recPAWP. (D) PAWP is associated with the manchette prior to its descent in the cytoplasm lobe of a step 9 bull spermatid. (E) In step 11 near the
completion of manchette descent, a newly formed PAS is seen as a distinct green band (*). (F) In step 13, the PAS is fully formed and is demarcated by the PAWP
(green) as a distinct band immediately beneath the equatorial region. The manchette has descended distally into the cytoplasmic lobe. (G) A step 13 spermatid labeled
with pre-immune serum to anti-PAWP_C. Scale bars=10 μm.
476 A.T.H. Wu et al. / Developmental Biology 312 (2007) 471–483Ultrastructural comparison of normal and NB-DNJ-treated
mouse spermatozoa
In the NB-DNJ-treated mice, the proacrosomic granules
failed to fuse together (Fig. 9A) or form a large acrosomic
vesicle that would normally cap the nucleus as seen in control
mouse (Fig. 9B). Consequently, some of the small proacrosomic
granules, that appeared to be continually produced, attempted to
attach to the nucleus (Fig. 9A). The extent to which the
acrosome would have capped the nucleus in NB-DNJ-affected
spermatids could be gauged by the extent to which the nuclear
lamina underlined the nuclear envelope (compare Figs. 9A and
B with respect to the length of the nuclear lamina). At the end of
nuclear condensation and manchette descent, the NB-DNJ-
affected spermatid nucleus, as seen sectioned in a dorsal toventral plane (Fig. 9C), failed to thin and take on the tapered,
streamlined shape of normal elongated spermatids (Fig. 9D).
The failure to elongate normally occurred despite the normal
appearance and positioning of the manchette adjacent to the
spermatid nucleus (Fig. 10A) and despite the normal migration
of the manchette down the caudal half of the spermatid head
(Figs. 10B and C). As the manchette began to descend in step
13, a dense postacrosomal sheath (adjacent to the nuclear
envelope) began to be laid down in the manchette's wake (Fig.
10B). Toward the end of manchette migration in step 13,
discontinuities in the newly deposited sheath were found along
the caudal half of the nucleus (Fig. 10C). It was previously
shown that these interruptions are normal during the initial
phase of PAS assembly but that soon after manchette descent,
the PAS becomes a continuous structure (Tovich et al., 2004).
Fig. 6. Electron micrographs of sections through elongating mouse spermatids
showing PAWP's association with the microtubular manchette. (A) Prior to the
descent of the manchette in step 13, PAWP is mainly found in the distal
cytoplasm of elongating spermatids (circle) and along the microtubules of the
manchette (M). (B) An en face image of the manchette showing the immunogold
particles along the microtubules of the manchette in step 12. (C) After manchette
descent, immunogold labeling was found in the PAS-PT (white arrows), along
the manchette and in the distal cytoplasm (circle) of step 14 elongating
spermatids. Acrosome, A; nuclear ring of the manchette, NR; sperm nucleus, N;
postacrosomal sheath, PS; Sertoli mantle, SM. Scale bars=0.2 μm.
Fig. 7. Electron micrographs of the bull testicular sections with labeled anti-
recPAWP antibody and colloidal gold at sequential steps of spermiogenesis. (A)
A sagittal section through a portion of the head of a step 11 spermatid showing
early deposition of PAWP in the wake of the descending manchette (M). NR,
nuclear ring of the manchette; PM, plasma membrane; SL, subacrosomal layer.
(B) A sagittal section through the head of step 12 spermatid just after descent of
the manchette, the labeling is seen throughout the postacrosomal sheath (PAS)
and the caudal portion of the SL. Labeling is neither seen in the anterior nor mid
region of the SL (sperm head on the left). (C) A sagittal section through the head
of a step 14 spermatid just after equatorial segment (ES) thinning. The immuno-
gold particles are now exclusively detected over the postacrosomal sheath. Scale
bars=0.2 μm.
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able tendency for the PAS to retain interruptions in its structure,
to varying degrees (Fig. 11). Elongated spermatids could be
found that had completely intact PAS, had varying degrees of
PAS discontinuities (Fig. 11) or had only remnants of the PAS,
the second one of these three patterns being the most common.
Discussion
The current study confirms the hypothesis by Tovich et al.
(2004) that the manchette is intricately involved in the
formation of the PAS. Colocalization data support the premise
that the manchette is instrumental in the storage and transport of
PAS proteins and that its descent is obligatory for the assembly
of the PAS structure. Previously, we provided evidence that the
formation of the SL and acrosome are co-dependent (Oko and
Maravei, 1995; Aul and Oko, 2002). It was found that proteins
destined for the assembly of the SL “ piggy-backed” their wayto this location on acrosomic vesicles. Together, these results
indicate that the assembly of the SL and PAS of the PT are
independent processes occurring at different locations and times
during spermiogenesis: the former originating earlier in the
apical spermatid cytoplasm and the latter occurring later in the
distal cytoplasm. Our finding that the PAS is assembled without
the acrosome and the SL being formed reinforces the inde-
pendence of these respective events. However, the interruptions
in PAS-layer observed in acrosomeless spermatids suggest that
there may be a structural protein missing that links the SL and
PAS regions and also maintains structural continuity throughout
the PT.
The present study has an inherent advantage over the
previous PT-developmental investigation by Tovich et al.
(2004) in that it clearly demonstrates that PAWP is synthesized
de novo in the distal cytoplasm of elongating spermatids. In the
case of Tovich et al. (2004), the PAS-somatic histones, normally
Fig. 8. (A, B) Comparative PAWP expression of untreated (A) and NB-DNJ-treated (B) mouse testicular sections. A similar pattern of expression is found in treated
and untreated testes, although the treated testes do not counterstain as well as the untreated. Scale bars=50 μm. (C) Immunoblot showing comparable levels of PAWP-
protein in untreated (lane 1) and treated (lane 2) testes. The molecular mass markers are in kDa. (D, E) There appears to be no change in α-tubulin expression in the
seminiferous epithelium between untreated (D) and NB-DNJ-treated (E) mice. The manchette in step 9 (stage IX) immunostains identically in the untreated and treated
spermatids. Scale bars=20 μm. (F) Immunoblot showing comparable protein levels of α-tubulin between untreated (lane 1) and treated (lane 2) testes. (G) In untreated
spermatids (step 11, stage XI), PAWP is concentrated on a cylindrical structure around the sperm head (arrows) as was the case in the NB-DNJ-treated spermatids (not
shown). (H) In the NB-DNJ-treated spermatids (step 16, Stage VII), prior to spermiation, PAWP is focalized on the sperm head as was the case in untreated (see Fig. 3).
Scale bars=10 μm.
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not throughout the distal cytoplasm raising the possibility of
histone recycling from the spermatid nucleus to the manchette,
before their PAS deposition. Therefore, until PAS-somatic
histones are proven to be de novo synthesized, PAWP sets a
precedent for the PAS-biogenesis of proteins synthesized in
the cytoplasmic lobe of the spermatid. PAWP's distribution
and pattern of assembly during spermiogenesis are illustrated
in Fig. 12.
It is documented that there are three peaks of RNA synthesis
observed during spermatogenesis. The first occurs between
type-A spermatogonia and pre-leptotene spermatocyte stages,
the second between mid- and late-pachytene spermatocytestages, and the final during the round spermatid phase of
spermiogenesis (Soderstrom and Parvinen, 1976). The initiation
of PAWP transcription coincides with the second peak of RNA
synthesis and temporally resembles PERF15 transcription (Oko
and Morales, 1994; Korley et al., 1997). Coincidentally,
following its translation, PERF15 also appears to utilize
microtubular manchette transport but instead of being
assembled as part of the PAS it invades the triangular rod-like
space that develops in the subacrosomal region of elongating
spermatids. This process forms the perforatorium and is found
only in murid spermiogenesis (Oko and Clermont, 1991a,b,c).
The time period between the first detection of PAWP in late
round or early elongating spermatids (species dependent) and its
Fig. 9. Ultrastructural comparison of spermatid development in untreated and NB-DNJ-treated mice. (A) Portion of treated round spermatid in step 6 showing nuclear
lamina-demarcating region (arrowheads), which would normally be covered by the acrosome. In place of a full acrosomal cap, two proacrosomic granules (PG) are
attached to the nucleus, while a third one failed to attach. Intervening between the proacrosomic granules and the nucleus is the subacrosomal layer (SL), which does
not form prior to the nuclear attachment of the acrosomic vesicles. (B) Untreated step 6 spermatids showing in comparison to A the normal formation of the acrosomal
granule (AG) and cap (AC). The Golgi apparatus (GA) is clearly seen contributing to the growing acrosome. (C) A step 13-treated spermatid. Note that the
acrosomeless nucleus has failed to condense and elongate normally, remaining paddle shaped, even though the manchette with its nuclear ring (NR) has descended
caudally along the nucleus. (D) In comparison, a step 13–14 untreated spermatid with microtubular manchette (M) completely descended, shows a streamlined shape
and expected arrangement of acrosome (A) and postacrosomal sheath (PAS). Sertoli cell-mantle, SM. Scale bars=0.2 μm.
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condensation of the spermatid nucleus, corresponds to a sharp
decline of PAWP transcript number. Since transcription ceases
at the beginning of the elongation phase of spermiogenesis
(Steger, 2001; Oko et al., 1996; Kleene, 1993; Hecht, 1998), the
long delay between PAWPmRNA and protein synthesis implies
that the bulk of the transcript is subject to posttranscriptional
storage and regulation. PAWP's expression during the time of
manchette assembly and migration temporally accommodates
the proposed role of the manchette in PAS formation (Tovich
et al., 2004).Several independent reports have indirectly implicated the
formation of PAS in the wake of the manchette descent (Fawcett
et al., 1971; Longo and Cook, 1991; Oko and Maravei, 1995).
Since PAWP is synthesized in the cytoplasmic lobe, a rostral
transport system most likely exists in order for it, the PAS-
somatic histones (Tovich et al., 2004) and ‘calyx’ proteins (von
Bulow et al., 1995; von Bulow et al., 1997; Hess et al., 1993,
1995; Heid et al., 2002) to be deposited as part of the PAS. The
timely appearance of the microtubular manchette together with
the focal PAWP concentration on this structure, makes the
manchette an attractive candidate for transporter function. The
Fig. 10. Electron micrographs of spermatid sections from NB-DNJ-treated mice
depicting PAS formation in the wake of the manchette-descent. (A) A sagittal
view of a step 10 elongating spermatid demonstrating normal morphology of the
microtubular manchette. The white arrowheads delineate the nuclear lamina,
above which the acrosome would normally be found. Instead, only a thin layer
of cytoplasm (*) is found, overlaid by the Sertoli mantle (arrowheads). Scale
bar=0.2 μm. (B) A sagittal section of a step 12 (stage XII) elongating spermatid
at the beginning of manchette descent. The white dots demarcate the initial
segment of the PAS being formed. A large indentation of the nucleus can be seen
in the acrosomal region, typical of this treatment. Scale bar=0.2 μm. (C) A
sagittally viewed step 13 (stage I) elongating spermatid depicting the descending
manchette and the newly formed PAS (white dots) in its wake. Sertoli mantle is
marked by arrowheads in panels A–C. AN, annulus; MM, microtubular
manchette; NR, nuclear ring of the manchette. Scale bar=0.2 μm.
Fig. 11. PAS formation in NB-DNJ-treated mouse spermatids. Oblique sections
through step 16 spermatids just before spermiation. Although the postacrosomal
sheath (layer above the white dots) has been laid down, it is discontinuous in
places (space above asterisks). Normally at this late step of development, the
PAS would be a continuous structure. The white arrowheads point to the region
of the nucleus where the acrosome would normally be. The Sertoli mantle is
marked by arrowheads. Scale bar=0.2 μm.
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(Yang and Sperry, 2003) and KIFC5A (Zhang and Sperry,
2004), cytoplasmic dynein (Yoshida et al., 1994), and Arp1, a
major component of the macromolecular linker between dynein
and its cargo (Fouquet et al., 2000), on the microtubules of the
manchette adds support to the role of manchette in protein
transport. The retrograde (microtubule minus-end directed)
transport of these motor proteins along microtubules of somatic
cells (reviewed by Hirokawa, 1998) favors their movement
toward the nuclear ring of the manchette, attributed as the minus
end of this unique microtubular structure (Fawcett et al., 1971;
Rattner and Olson, 1973; Russell et al., 1991; Yoshida et al.,
1994). Bi-directional transport of proteins is also possible since
traditional anterograde kinesin has also been localized to the
manchette (Hall et al., 1992).
To test our hypothesis that the PAS and the SL of the PT
develop independently (Oko and Maravei, 1995; Aul and Oko,
2002; Tovich et al., 2004), we examined the kinetics of PAWPassembly in the absence of the acrosome and SL during
spermiogenesis in NB-DNJ-treated mice (van der Spoel et al.,
2002; Donald, 2006). Interestingly, even though the acrosome
failed to develop in NB-DNJ-treated mice, its position on the
round spermatid nucleus (where it would have been), relative to
the development steps, could be deduced by the extent of the
expansion of the nuclear lamina whose growth is normally
synchronized with the overlying SL and acrosome (Barth and
Oko, 1989; Clermont et al., 1993; Fawcett, 1981). Occasion-
ally, the proacrosomic vesicles, which failed to fuse together in
NB-DNJ-treated mice, would dock onto the nuclear envelope.
Whenever such an attachment occurred, an intervening
subacrosomal layer was found, implying that these vesicles
carry their own nuclear-docking molecules, in agreement with
earlier studies showing that SL proteins reside on the surface of
acrosomal vesicles before nuclear docking (Aul and Oko, 2002;
Oko, 1995; Oko and Maravei, 1995). These observations
conflict with the “acroplaxome concept” introduced by
Kierszenbaum et al. (2003), which implies that a cytoskeletal
plate on the nuclear envelope serves as a precursor to
acrosomal attachment. No apparent differences from untreated
mice in the assembly patterns of the manchette (i.e., tubulin
localization) and the PAS (i.e., PAWP colocalization) could be
discerned by light microscopy in NB-DNJ-treated mice. How-
ever, electron microscopy revealed breaks in the PAS layer in
affected mature spermatids. Normally, the PAS assembles as a
discontinuous structure, which shortly after manchette descent
becomes continuous (Barth and Oko, 1989; Tovich et al.,
2004).
Fig. 12. Diagramatic representation of PAS formation during bovine spermiogenesis. The 14 steps of bovine spermiogenesis are shown. The emphasis is on steps 10–
12 where PAWP protein expression (red dots) coincides with the appearance of the manchette (green) in the bull. The manchette starts its descent in step 11 and finishes
its migration at the beginning of step 12. The formation of the PAS (red) is in the wake of the manchette descent. The excess PAWP and the manchette can be found in
the distal cytoplasm. Adapted from Barth and Oko (1989).
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and PAS most likely have protein(s) in common that link these
structures together and provide a base for PT assembly. It is
possible that the fragmented structure of the PAS encountered in
NB-DNJ-affected spermatids is due to the lack of protein
continuity between these two regions of the PT. Immunocyto-
chemical studies (Oko and Maravei, 1994; Oko et al., 2001)
indicated that several PT proteins, including PT60 (calicin),
reside in both SL and PAS regions of mature spermatids.
Calicin, originally cloned and characterized by von Bulow et al.
(1995), appears to be an ideal candidate for providing structural
integrity and continuity between both regions. Indeed, PT60 is a
prominent SDS-insoluble PT protein with a very basic PI,
associates with actin in vitro (1 calicin/12 actin monomers), and
has the tendency to form homomultimers (Rousseaux-Prevost
et al., 2003). These molecular properties could contribute to the
overall rigidity and insolubility of the PT. However, Lecuyeret al. (2000) showed by immunofluorescence that although
calicin is present in the SL of round spermatids it later becomes
confined to the PAS of elongated spermatids, which is contrary
to our ultrastuctural localization studies showing calicin to be
equally distributed throughout the SL and PAS-PT (Oko and
Maravei, 1994; Oko et al., 2001). In order to consider calicin a
potential PT linker/spanning protein, consolidation of its
localization is imperative. It is unlikely that a PT protein
assembled as part of the SL during acrosome formation, such as
calicin, could be translocated from this region to the forming
PAS without the aid of protein transport machinery, which has
not yet been demonstrated within the formed SL. An alternative
explanation is that there are two different translational pools for
such a protein, one in the apical cytoplasm during acrosome
formation and the other in the distal cytoplasm during
manchette assembly and migration. At the mid-stage of PT
assembly (the beginning of the elongating phase), it is imagined
482 A.T.H. Wu et al. / Developmental Biology 312 (2007) 471–483that a linker protein present in both the newly laid down SL and
the rudimentary PAS would join these structures together by
binding with itself (which calicin is able to do) to form a
continuum in PT structure.
Suganuma et al. (2005) showed that high rates of mouse
oocyte activation (81.7%) and zygotic development (77.4%
reaching morula-blastocyst stages) could be achieved from
micro-injecting acrosomeless, NB-DNJ-affected elongated
spermatid heads into oocytes, supporting the hypothesis that
egg activating ability resides in the PAS as these spermatids are
devoid of the SL. However, significantly reduced oocyte
activation (26.5%) and zygotic development (24.2%) rates
were obtained when ICSI (with sperm heads only) was
performed with affected epididymal spermatozoa. It should be
clarified that heads and tails were separated by piezo pulses in
the micro-injection needle and only heads retained and
injected. This methodology presupposes that a certain amount
of cytosol was released during the piezo pulses and retained
with the heads during injection. If oocyte activation indeed
resides in the PAS as proposed by Sutovsky et al. (2003) and
Wu et al. (2007), our electron microscopic evaluation may
offer an explanation for the discrepancy in oocyte activating
ability between epididymal spermatozoa and testicular sper-
matids of NB-DNJ-treated mice. In mature NB-DNJ-affected
spermatozoa, the fragmented PAS may not have had sufficient
amounts of the sperm-oocyte activating factor, PAWP, to
induce egg activation consistently. In elongating spermatids,
however, the insufficiency of PAWP in the PAS may have
been compensated for by the release of a superfluous cytosolic
pool of PAWP from the distal cytoplasmic lobe, which is not
normally eliminated until spermiation and therefore could be
co-injected with the sperm head.
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